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As we make progress in our understanding, 
our view of which problems are `hard’ changes. 

characteristic features of the very early universe
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§ s ingular i ty  resolut ion & i ts  cosmologica l  impl icat ions 
Brandenberger ;  Graham,  Kap lan ,  Ra jendran ;  I j j a s  &  S te inhard t ;  Va fa ,  …  

§ models  based on modif ied gravity
I j j a s ,  S te inhard t ,  P re tor ius ;  Lehner ,  Kovacs  &  Rea l l ,  …

§ non-l inear & non-perturbat ive cosmologica l  dynamics 
with in Einste in gravity 
C l o u g h ,  F l a u g e r ;  E a s t ,  S e n a t o r e ;  I j j a s ,  S t e i n h a r d t ,  P r e t o r i u s  

`hard’ problems:
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Cosmology & General Relativity
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c o n v e n t i o n a l  p i c t u r e  o f  s m o o t h i n g  &  f l a t t e n i n g :

Step #2:   space-time becomes flat and smooth on super-Hubble scales while the Hubble 
radius |H|-1 evolves at a different rate than the scale factor a:

`rate’ is determined by the stress-energy content characterized by the

equation-of-state 
<latexit sha1_base64="saiLoAvhHD/q1yk70RXZOcaKQwg="></latexit>
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Step #1: a Hubble patch  becomes smooth following a `natural succession’ of events
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16What can cause slow contraction (ε ≫ 3)?

V ϕ = −V0 e1/2
V

ϕ

V < 0 ⟹ ε > 3

ε = 1/2m%

m = 0.1 or 0.01 in Planck units

⇒ ε = 50 or 5000
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arXiv: 2109.09768 ; 2104.12293; 2103.00584; 2006.04999; 2006.01172

w/W.G. Cook, E. Y. Davies, D. Garfinkle, I. Glushchenko, F. Pretorius, P.J. Steinhardt, and A.P. Sullivan  

slow contraction is different!
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Scalar-Field Energy
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Smooth ing  th rough  U l t ra loca l i t y
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G e n e ra t i on  o f  p r imord i a l  pe r t u rb a t i on s
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e .g . ,  I j j a s  e t  a l . :  PRD 89  (2014 )123520

F R W  B A C K G R O U N D :
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N o n - p e r t u r b a t i v e  a n a l y s i s
arXiv: 2109.09768

t i m e  e v o l u t i o n  o f  t h e  e n t r o p i c  f i e l d ’ s  
k i n e t i c  e n e r g y  d e n s i t y

t i m e  e v o l u t i o n  o f  t h e  b a c k g r o u n d  f i e l d
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shear – blue

curvature – red

matter – green

N o n - p e r t u r b a t i v e  a n a l y s i s
arXiv: 2109.09768




